The nuclear exosome and the nonsense-mediated mRNA decay (NMD) pathways have been implicated in the degradation of distinct unspliced transcripts in Saccharomyces cerevisiae. In this study we show that these two systems can act sequentially on specific unspliced pre-mRNAs to limit their accumulation. Using steady-state and decay analyses, we show that while specific unspliced transcripts rely mostly on NMD or on the nuclear exosome for their degradation, some unspliced RNAs are stabilized only when both the nuclear exosome and NMD are inactivated. We found that the mechanism of degradation of these unspliced pre-mRNAs is not influenced by promoter identity. However, the specificity in the pre-mRNAs degradation pathways can be manipulated by changing the rate of export or retention of these mRNAs. For instance, reducing the nuclear export of premRNAs mostly degraded by NMD results in a higher fraction of unspliced transcripts degraded by the nuclear exosome. Reciprocally, inactivating the Mlp retention factors results in a higher fraction of unspliced transcripts degraded by NMD for precursors normally targeted by the nuclear exosome. Overall, these results demonstrate that a functional redundancy exists between nuclear and cytoplasmic degradation pathways for unspliced pre-mRNAs, and suggest that the degradation routes of these species are mainly determined by the efficiency of their nuclear export rates. The presence of these two sequential degradation pathways for unspliced pre-mRNAs underscores the importance of limiting their accumulation and might serve as a fail-safe mechanism to prevent the expression of these nonfunctional RNAs.
INTRODUCTION
Eukaryotic organisms have developed compartmentalized degradation systems to ensure the timely turnover of numerous classes of RNA molecules (for review, see Houseley et al. 2006; Chang et al. 2007 ). The major pathways that function during RNA degradation are the nuclear exosome (Mitchell et al. 1997) , which is stimulated by the activity of the TRAMP complex (LaCava et al. 2005; Wyers et al. 2005) , and the deadenylation and decapping of mRNAs and degradation by the cytoplasmic exonuclease, Xrn1p (for review, see Tucker and Parker 2000) . After initial removal of the poly-A tail, turnover can also be promoted by the cytoplasmic 39/59exosome (Tucker and Parker 2000) . Recent studies have shown that the promoter identity can influence the decay route of RNA molecules (Bregman et al. 2011; Trcek et al. 2011) .
Degradation of unspliced (intron-retained) mRNAs is a major quality control mechanism that prevents the translation of unprocessed or partially processed transcripts that would result in the production of truncated proteins due to the likelihood of encountering a premature termination codon (PTC) in the intronic sequences. Because of the prevalence of PTC in intronic sequences, many unspliced RNAs are targeted by nonsense-mediated decay in a variety of eukaryotes (He et al. 1993; Mitrovich and Anderson 2000; Jaillon et al. 2008; Sayani et al. 2008) . However, the degradation of unspliced RNAs is not limited to the NMD system. Previous studies have shown the involvement of nuclear degradation systems involving multiple components such as the nuclear exosome (Bousquet-Antonelli et al. 2000; Moore et al. 2006; Egecioglu et al. 2012) , the RNase III endonuclease Rnt1p (Danin-Kreiselman et al. 2003; Egecioglu et al. 2012) , and the nuclear poly(A)-binding 3 protein (Lemieux et al. 2011) in the degradation of unspliced pre-mRNAs. A role for retention factors that could putatively function in the nuclear sequestration of unspliced transcripts was proposed (Galy et al. 2004) , which would increase the likelihood of nuclear degradation. In addition to these nuclear degradation pathways, unspliced pre-mRNAs can also be degraded in the cytoplasm in pathways that are dependent on the 59/39 exonuclease Xrn1p but independent from NMD (Hilleren and Parker 2003; Dong et al. 2007 ). In the case of transcripts degraded by the cytoplasmic RNA turnover machinery, the importance of proper nuclear export for efficient pre-mRNA degradation was demonstrated by showing the involvement of Mex67p for the export and subsequent Edc3p-dependent degradation of the YRA1 pre-mRNA (Dong et al. 2007) . All of these studies suggest that the degradation routes for unspliced pre-mRNAs are relatively specific, as most unspliced pre-mRNAs accumulate mostly in the absence of either nuclear or cytoplasmic degradation pathways.
In this study, we show that certain unspliced precursors are degraded efficiently only when both the nuclear exosome and nonsense-mediated decay pathways are active. The nuclear exosome can fulfill a larger role in the degradation of unspliced transcripts normally degraded by NMD when these transcripts are sequestered in the nucleus upon inhibition of RNA export. We show that the perinuclear factors, Mlp1p and Mlp2p can have a role in the retention of an endogenous unspliced transcript that appears to be predominantly degraded by the nuclear exosome. Replacement of the native promoter sequences of intron-containing genes with a galactose inducible promoter did not lead to changes in the accumulation profile of unspliced transcripts, nor did it redirect the degradation routes for the turnover of these unspliced precursors. Overall, these results show that the degradation pathways for unspliced pre-mRNAs are largely nonspecific and are mostly determined by their nuclear export efficiency. The fact that two sequential pathways act on unspliced pre-mRNAs suggests the existence of a fail-safe mechanism that limits the accumulation and expression of nonfunctional RNAs.
RESULTS
Higher accumulation of specific unspliced transcripts in strains lacking the nuclear exosome component Rrp6p and NMD factors Our previous work revealed that the Nonsense-Mediated Decay (NMD) pathway targets and degrades a large number of unspliced transcripts in Saccharomyces cerevisiae (Sayani et al. 2008) . Accumulation of unspliced pre-mRNAs was mostly observed for transcripts exhibiting suboptimal splicing signals. However, we noticed that numerous transcripts that showed suboptimal splicing sequences (splice sites or branchpoints) did not reveal any major accumulation of unspliced transcripts in strains lacking NMD factors (Sayani et al. 2008) . Two hypotheses could explain this phenomenon. First, it is possible that these intron-containing genes are efficiently spliced despite their suboptimal splicing signals, and therefore do not accumulate unspliced precursors to detectable levels. On the other hand, we reasoned that some of these intron-containing genes might produce unspliced transcripts, but that the turnover of these precursors could be dependent on more than one degradation pathway. The nuclear exosome has been implicated in degrading some unspliced transcripts (Bousquet-Antonelli et al. 2000; Moore et al. 2006) , suggesting that it might cooperate with NMD to degrade some of these transcripts. To test this hypothesis, we constructed yeast strains that lacked the nuclear exosome component Rrp6p, as well as the NMD factors Upf1p or Upf2p. Using intronic riboprobes, we investigated the accumulation of unspliced transcripts in wild-type, rrp6D, upf1D, upf2D, rrp6D upf1D, or rrp6D upf2D for the intron-containing genes COF1, MND1, RPS11A, RPL16A, RPL22A, RPL18B, RPS17B, RPL22B, and SNC1 (Fig. 1) . The use of these intronic riboprobes allowed the specific detection of unspliced premRNAs without interference of signal from the mature mRNAs, which typically accumulate at much higher levels. In addition, the use of these intronic riboprobes allowed us to detect specific isoforms of ribosomal protein mRNAs, as opposed to both isoforms in the case of highly similar duplicated genes. We did not observe any strong accumulation of unspliced precursors in the wild-type, rrp6D, upf1D, or upf2D single-mutant strains for MND1, SNC1, RPS11A, RPL16A, and COF1. However, we detected Analysis of transcripts whose turnover depends mostly on one degradation pathway. Northern blots were probed with an intronic (i) riboprobe and either SCR1 or GAPDH was utilized as a loading control. Both the SCR1 and the GAPDH probes were generated via random priming. a higher accumulation of unspliced transcripts in the rrp6D upf1D and rrp6D upf2D double-mutant strains for these genes (Fig. 1A) . In the case of RPL22A, unspliced transcripts were not detected in the wild-type or rrp6D strains. However, an increase in the levels of unspliced precursors was observed in the upf1D strain, and this accumulation was exacerbated in the rrp6D upf1D strain (Fig. 1B) . These observations suggested that the NMD and the nuclear exosome can play functionally redundant roles to promote the turnover of unspliced species of these transcripts. In contrast, we did not detect high levels of unspliced precursors in wild-type or in the upf1D strains for the RPL18B transcript (Fig. 1B) . However, high levels of unspliced transcript were present in the rrp6D strain, and these levels further increased in the rrp6D upf1D strain (Fig. 1B) . This result suggests that while most of the degradation of unspliced RPL18B species is mediated by the nuclear exosome, NMD can also promote the degradation of these unspliced species when the nuclear exosome is inactivated. Unspliced transcripts that were found to accumulate to higher levels in yeast strains lacking both Rrp6p and NMD components are referred to hereby as RNMD (Rrp6p and Nonsense Mediated Decay)-sensitive transcripts.
The greater accumulation of unspliced species in strains lacking both degradation pathways was observed only for specific genes. For instance, unspliced precursors of RPS17B could be detected in upf1D or upf2D strains, but the extent of accumulation in the rrp6D upf1D or rrp6D upf2D double mutants was similar to single mutants (Fig. 1B) . Similarly, very high levels of unspliced precursors were detected in the upf1D strain for RPL22B, but these levels were not increased in the double-mutant rrp6D upf1D (Fig. 1B) . While we cannot rule out the existence of other degradation pathways, this steady-state analysis of unspliced transcripts suggested that some unspliced precursor transcripts are degraded through a complex turnover route, potentially involving two sequential pathways, while others seem to be targeted mostly through a single mode of degradation.
Analysis of the rate of turnover of unspliced transcripts in NMD and rrp6-deficient strains The previous observations based on steady-state analysis suggested that the nuclear exosome and NMD pathways might act sequentially to limit the accumulation of unspliced transcripts. However, we could not rule out that indirect splicing defects might have resulted in the higher accumulation of unspliced precursors observed in these double mutants. In order to demonstrate that the effects observed above are directly due to RNA turnover, we analyzed the rates of decay of some of these unspliced precursors in wildtype, rrp6D, upf1D, and rrp6Dupf1D strains. To this end, we used a conditional galactose promoter that allowed us to control the expression of some of these intron-containing genes as a function of the carbon source. We replaced the endogenous promoters of five intron-containing genes (RPP1B, RPS11A, RPL16A, RPS17B, and RPL22B) by the galactose promoter, and then derived yeast strains that lacked either Rrp6p, Upf1p, or both components. Each strain was grown in galactose-containing medium until logarithmic growth phase (OD 600 nm = z0.4-0.8), and then switched to glucose-containing medium. The kinetics of turnover of unspliced RNAs were then assessed after the switch to glucose-containing medium. As shown in Figure  2A , all five intron-containing genes (RPP1B, RPS11A, RPL16A, RPS17B, and RPL22B) exhibited a rapid turnover of the unspliced transcripts in wild-type as well as in cells lacking the nuclear exosome component Rrp6p, such that unspliced transcripts were undetectable after z3 min. A similar pattern was observed for RPP1B, RPS11A, and RPL16A in upf1D strains. Strikingly, the turnover of the unspliced precursors of RPP1B, RPS11A, and RPL16A FIGURE 2. Decay analysis of unspliced transcripts and effect of promoter replacement on steady-state levels of unspliced transcripts. (A) Decay analysis. Each of the intron-containing ribosomal protein genes was placed under the control of the conditional galactose promoter z50 bp upstream of the translation start site, leading to the creation of five conditionally expressed ribosomal protein genes: GAL::RPP1B, GAL::RPS11A, GAL::RPL16A, GAL::RPS17B, GAL::RPS22B. Each of the knockouts (rrp6D, upf1D, rrp6D upf1D) was derived from a single isogenic wild-type strain. Each of the timepoints is indicated in minutes. SCR1 was utilized as a loading control. (B) Comparison of the levels of unspliced pre-mRNAs for intron-containing genes expressed under the control of their endogenous promoters or from the GAL promoter.
Yeast unspliced RNA degradation www.rnajournal.org 1565 exhibited a considerable delay in the rrp6D upf1D strain compared with the single-mutant strains, which, in general, was in good agreement with the steady-state accumulation profiles observed in Figure 1 (Fig. 2B for RPP1B) (we note that for RRP1B the steady-state accumulation seems to be mostly NMD dependent). Because of the time points used and the very short half-lives of these unspliced pre-mRNAs, the individual contributions of NMD and the nuclear exosome on turnover are difficult to estimate. However, this result directly demonstrates that the nuclear exosome and NMD can be functionally redundant to promote the turnover of unspliced precursors for these transcripts. In contrast, the decay of RPS17B and RPL22B unspliced precursors exhibited a considerable lag in turnover in the upf1D single mutant, and the decay rate of these transcripts was very similar in the upf1D and the rrp6D upf1D strains ( Fig. 2A) , suggesting that NMD is the major turnover route for unspliced RPS17B and RPL22B transcripts. We also analyzed the steady-state levels of some of these unspliced transcripts when expressed from the GAL promoter in galactose medium, and showed that the differences observed between strains when these genes are expressed from their endogenous promoters can be reproduced when these intron-containing genes are expressed from the GAL promoter (Fig. 2B ). This observation suggests that replacement of the promoter of these genes by the GAL promoter does not perturb the degradation pathway for these unspliced species. Taken together, the results obtained from the steady-state and turnover studies show that the unspliced pre-mRNAs species of RPS11A, RPL16A, and RPP1B can be degraded by two turnover systems, which are likely to act sequentially to limit their accumulation. However, some unspliced transcripts such as RPS17B and RPL22B seem to be degraded predominantly by NMD.
Transposition of the RPL16A RNMD-sensitive intron is not sufficient to provide sensitivity of chimeric unspliced GOT1::RPL16A transcripts to both degradation systems
In order to investigate the determinants of targeting of unspliced transcripts to a specific degradation pathway, we undertook an intron-replacement strategy similar to the one used in a previous study (Sayani et al. 2008) . We chose the GOT1 locus, which contains a small intron that does not lead to the production of unspliced transcripts (Sayani et al. 2008) . We replaced the native GOT1 intron with an NMD-sensitive intron (RPS17B) or an RNMD-sensitive intron (RPL16A) and then derived rrp6D, upf1D, or rrp6D upf1D strains. Transposition of the NMD-sensitive RPS17B intron did not lead to the detection of appreciable chimeric unspliced transcripts in the wild-type or rrp6D strains (Fig. 3) . However, a large accumulation of unspliced precursor was detected in the upf1D, and similar levels were observed in the rrp6D upf1D strain. This result was consistent with our previous studies (Sayani et al. 2008) showing that inclusion of an NMDsensitive intron into a NMD-insensitive locus leads to the effective production of chimeric unspliced transcripts that can be targeted and degraded by the NMD pathway. Next, we analyzed unspliced transcript accumulation for the transposed RPL16A intron in wild-type, rrp6D, upf1D, or rrp6D upf1D strains. Consistent with the pattern of RPL16A unspliced transcript accumulation at its normal locus (Fig.  1A) , we did not observe high levels of chimeric unspliced transcripts in trans in the wild-type or rrp6D strains (Fig. 3) . Surprisingly, however, chimeric unspliced RPL16Ai::GOT1 transcripts were now observed in the upf1D single-mutant strain, but the accumulation was not increased in the rrp6D upf1D double-mutant strain. This result shows that the transposition of the RPL16A RNMD-sensitive intron into an RNMD-insensitive locus is not sufficient to lead to an RNMD-dependent mode of degradation of chimeric unspliced RPL16Ai::GOT1 transcripts. While it is clear that intron identity is important to confer suboptimal splicing and targeting to NMD ( Fig. 3 ; Sayani et al. 2008) , this result suggests that, at least in the case of RPL16A, features of the pre-mRNA other than the intronic sequence are limiting to determine the degradation pathway of unspliced pre-mRNAs.
Inactivating the mRNA export factor Mex67p changes the turnover routes of unspliced transcripts
The previous results showed that at least two independent systems exist to degrade unspliced transcripts, one in the cytoplasm and one in the nucleus. These two degradation systems may act as a fail-safe mechanism when the other pathway is inactive or fails to degrade these unspliced species (Figs. 1, 2 ). These observations also suggested that the mode of degradation of unspliced transcripts might be directly influenced by their rate of export. Specifically, we predicted that the turnover of an unspliced transcript, which is predominantly dependent on NMD, might rely on the nuclear exosome if the rate of nuclear export of this unspliced pre-mRNA is reduced. 3 . Transposition of the RPL16A RNMD-sensitive intron is not sufficient to provide sensitivity of GOT1::RPL16A chimeric unspliced transcripts to both degradation systems. The native GOT1 intron was replaced by the RPL16A or the RPS17B introns and the wild-type, rrp6D, upf1D, or rrp6D upf1D strains were derived. A GOT1 exon 2 antisense RNA probe was used to assay for the spliced and chimeric unspliced transcripts. SCR1 or GAPDH was used as a loading control.
In order to test this hypothesis, we utilized a yeast strain that carries a deletion of the essential RNA export factor Mex67p at the genomic locus and contains a plasmid expressing either a wild-type version or an allelic version expressing a thermosensitive point mutant (mex67-5) (Segref et al. 1997) . We then derived strains that lacked the exosome component Rrp6p, or the NMD factor Upf1p, and analyzed the accumulation of unspliced transcripts in these strains upon inactivation of mRNA export in the mex67-5 thermosensitive strain. We analyzed two NMD-sensitive intron-containing genes (RPS17B or GAL::RPS17B and RPL22B) and one introncontaining gene whose unspliced transcript is degraded predominantly by the nuclear exosome (RPL18B) to investigate the potential cytoplasmic-to-nuclear shift in unspliced transcript turnover upon the induction of an export defect after the shift to the nonpermissive temperature of 37°C. As expected, we did not observe a significant accumulation of unspliced transcripts for the strains grown at the permissive temperature of 25°C expressing MEX67 in a wild-type or an RRP6-null background for both RPS17B and RPL22B, but unspliced precursors were observed for the RPL18B transcript in the rrp6D strain (Fig. 4A) . On the other hand, unspliced transcripts were detected for RPS17B and RPL22B in the MEX67 upf1D strain. A similar pattern of unspliced transcript accumulation was observed for strains expressing mex67-5 in the wild-type, rrp6D, or upf1D background at the permissive temperature (Fig. 4A) . When the cells were shifted to nonpermissive temperature (37°C), a general increase in unspliced transcripts was detected in the MEX67, MEX67 rrp6D, and the MEX67 upf1D strains for both RPS17B and RPL22B, but not for RPL18B (Fig. 4A ). This might be the result of a mild heatshock resulting in a partial inhibition of splicing. In the case of RPL22B, most of these unspliced precursors were degraded by NMD, as these species were found to accumulate much more dramatically in the MEX67 upf1D background. However, in the case of RPS17B, a larger fraction of these unspliced premRNAs was degraded in an Rrp6p-dependent manner, even in the presence of fully functional Mex67p during this temperature shift. This effect might have resulted from a reduction of the export of RPS17B pre-mRNAs, since inhibition of mRNA export has been documented to occur in heat-shock conditions (Liu et al. 1996) . Strikingly, in the mex67-5 strain shifted to 37°C, a large fraction of unspliced transcripts were now found to be degraded by the exosome as revealed by the reduction of unspliced transcripts observed in the upf1D background and the increase of unspliced transcripts in the rrp6D strain. This increase is apparent for RPL22B, but is even more pronounced for RPS17B, as shown by the dramatic accumulation of unspliced RNAs in the mex67-5 rrp6D strain (Fig. 4A) . In the case of RPL18B, we did not detect any further increase of unspliced RNAs in the mex67-5 rrp6D strain in these conditions (Fig. 4A) , showing that the increase of unspliced precursors observed upon inhibition of export in the rrp6D background for RPS17B and RPL22B is specific to transcripts normally degraded by NMD. This shift in the degradation pathway of unspliced precursors from NMD to the nuclear exosome upon genetic inhibition of nuclear export could also be detected when the RPS17B mRNA was expressed from a galactose promoter (Fig. 4B) . Thus, this shift in the degradation route upon inhibition of mRNA export does not depend on the promoter from which these transcripts are being generated. Taken together, these results indicate that when mRNA export is inhibited in the mex67-5 strain at the nonpermissive temperature of 37°C, a large fraction of unspliced transcripts normally degraded by NMD are now retained in the nucleus and targeted for turnover by the nuclear exosome. This observation might be linked to the activation of nuclear RNA surveillance by Rrp6p that was previously shown to occur in RNA export mutants (Jensen et al. 2001; Libri et al. 2002; Strasser et al. 2002; Zenklusen et al. 2002; Rougemaille et al. 2007; Assenholt et al. 2008) . These results also demonstrate that the export of several unspliced pre-mRNAs out of the nucleus is dependent on the mRNA export factor, Mex67p, as shown previously for the YRA1 pre-mRNA (Dong et al. 2007 ).
FIGURE 4. RNA export inhibition can result in a higher fraction of unspliced transcripts targeted by the nuclear exosome. RPL22B and RPS17B (A) (or GAL::RPS17B; B) are NMD targets, and RPL18B is predominantly degraded by the nuclear exosome. Cells were grown at a permissive temperature (25°C) until they reached logarithmic phase and shifted to nonpermissive temperature (37°C) for z3 h. Northern blot analysis was performed with an intron-spanning antisense RNA probe to detect the accumulation of each of the unspliced transcripts. SCR1 was used as a loading control. Mlp proteins function to retain the nuclear-degraded RPL18B unspliced transcript It was previously reported that the nuclear factor Mlp1p functions in the retention of unspliced RNAs (Galy et al. 2004) . However, these studies were based on the utilization of reporter constructs that contained a small, synthetic, inefficiently spliced intron. We reasoned that Mlp1p might function in regulating the retention of unspliced RNAs that are predominantly degraded by the nuclear exosome. We hypothesized that in the absence of the potential retention-exerting activity of Mlp1p, these unspliced transcripts would be present at a higher concentration in the cytoplasm, which would then be targeted and degraded by the activity of the nonsensemediated decay pathway. In order to investigate this hypothesis, we chose RPL18B as a candidate, since this transcript accumulates high levels of unspliced precursors upon inactivation of the nuclear exosome (Figs. 1, 4) . We created and utilized yeast strains deleted for the genes encoding the similar (but not identical) retention factors Mlp1p (mlp1D) and Mlp2p (mlp2D), and also generated combinatorial doubledelete mutants of MLP1 and UPF1 (mlpD1 upf1D), MLP2 and UPF1 (mlp2D upf1D), and a triple-delete mutant comprising of deletions in MLP1, MLP2, and UPF1 (mlp1D mlp2D upf1D). As expected and shown in Figure 5A , the single mutants mlp1D, mlp2D, or upf1D did not display high levels of RPL18B unspliced transcript compared with the wild-type strain. However, large amounts of unspliced transcript were detected in the rrp6D strain. Strikingly, we observed higher amounts of unspliced precursors in the mlp1Dupf1D double mutant compared with the upf1D or mlp1D single-deletion strains. This observation was further supported by an increase in unspliced transcript accumulation in the mlp2Dupf1D double mutant and in the mlp1Dmlp2Dupf1D triple mutant. We further expanded our investigation and tested other intron-containing genes that exhibited an RNMD behavior (RPL16A, RPL22A) or an NMD-specific unspliced accumulation profile (RPL22B). As shown in Figure 5B , we did not observe any appreciable accumulation of unspliced precursor in wild-type, mlp1D, or mlp2D strains for RPL16A, RPL22A, and RPL22B. As expected, a strong accumulation of unspliced transcripts was detected in the upf1D strain. However, we did not observe an exacerbation in the accumulation of RPL16A, RPL22A, and RPL22B unspliced precursors for the mlp1Dupf1D, mlp2Dupf1D, or mlp1Dmlp2Dupf1D double or triple mutants. We conclude that the Mlp proteins can function in the retention of endogenous unspliced RNAs, as shown for the RPL18B transcript, but that the role of these proteins might be limited to a few transcripts exhibiting a primarily nuclear degradation pathway.
DISCUSSION
In this study, we have investigated the role of sequential, functionally redundant degradation pathways in unspliced RNAs turnover and have implicated a novel, dual-targeting strategy that is dependent on the activity of the nuclear exosome component, Rrp6p, and the NMD pathway. We found seven intron-containing genes that exhibit such a sequential mode of degradation. This bipartite strategy reveals that the turnover of certain unspliced transcripts is more complex than previously thought and is controlled by the exosome in the nucleus and the NMD in the cytoplasm. In our study, we used a strain carrying a deletion of RRP6 as a tool to monitor nuclear exosome inactivation. However, this particular deletion strain might not be sufficient to reveal the extent of function of the nuclear exosome on unspliced precursors degradation, as the degradation of some unspliced transcripts might rely on the integrity of core subunits of the nuclear exosome other than Rrp6p. Therefore, it is possible that the degradation of unspliced pre-mRNAs by the nuclear exosome is more widespread than revealed by the rrp6D deletion. In addition, we cannot rule out that degradation pathways other than the nuclear exosome and NMD are also active in the degradation of other unspliced pre-mRNAs. This is the case, for instance, for the ACT1 and YRA1 pre-mRNAs, which have been shown to rely on NMD-independent cytoplasmic pathways for turnover (Hilleren and Parker 2003; Dong et al. 2007 ).
FIGURE 5. Mlp1p and/or Mlp2p function in retaining the nucleardegraded unspliced RPL18B transcripts, but not unspliced precursors that are cooperatively degraded by exosome/NMD or NMD. Northern analysis was performed on the RPL18B unspliced transcript (predominantly degraded by the nuclear exosome; A); or RPL22A and RPL16A (cooperatively degraded by exosome and NMD), or RPL22B (predominantly degraded by NMD) in B. SCR1 was used as a loading control.
Regardless of the nature of the degradation pathways involved, the existence of multiple sequential degradation pathways for unspliced pre-mRNA suggests the existence of a fail-safe mechanism that prevents the expression of these nonfunctional RNAs, underscoring the importance of the degradation of these species.
Intronic sequences have been shown to be essential in autoregulation of intron-containing RNA transcripts as well as their degradation (Barta and Iggo 1995; Preker and Guthrie 2006; Dong et al. 2007; Sayani et al. 2008) . Therefore, based on these findings, we reasoned that the dependence on NMD and on the nuclear exosome for the degradation of certain unspliced transcripts could lay within their intronic sequences. We found that intron identity is important for NMD-sensitive introns in conferring inefficient splicing in cis and trans (Sayani et al. 2008 ; this study). However, the results of another intron transposition experiment showed that transposing the intron of an RNMD-sensitive gene, RPL16Ai, does not render the chimeric unspliced RNA sensitive to both degradation pathways (Fig. 3) . Thus, although intron identity can determine the turnover route of unspliced transcripts, it is not always the determining factor. It remains to be determined whether this is a general feature or whether this is specific to the example studied here. Contrary to recent studies (Bregman et al. 2011; Trcek et al. 2011) , our data show that replacement of upstream promoter sequences as well as regulatory elements does not lead to a change in the post-transcriptional degradation fate of an unspliced transcript. For example, replacement of the native promoter with a galactose-inducible promoter for the introncontaining RPS11A did not lead to a change in the levels of the unspliced transcript. The RPS11A unspliced precursor transcribed from the native or the galactose-inducible promoters was degraded in a sequential manner, requiring the involvement of the nuclear exosome and NMD. Similarly, replacement of the RPS17B promoter sequence with the GAL promoter did not lead to changes in unspliced transcript accumulation nor in the switch in the decay pathway of the NMD-sensitive RPS17B gene. Thus, it appears that the promoter identity does not play a major function in determining the degradation route of specific unspliced pre-mRNAs.
Our results support a model suggesting that the balance between nuclear and cytoplasmic degradation of unspliced transcripts is dependent on the rate of export of these precursors from the nucleus into the cytoplasm. A kinetic delay in the rate of RNA export would result in a higher fraction of unspliced transcripts in the nucleus, which would now be targeted for turnover by the nuclear exosome. This model is supported by earlier studies showing that unspliced species generated in a prp2-ts mutant are mostly degraded by the nuclear exosome (Bousquet-Antonelli et al. 2000) . The importance of the function of the nuclear exosome for unspliced precursors degradation in this particular mutant background might be explained by the fact that defects in Prp2p function have been shown to result in nuclear retention of unspliced species (Gencheva et al. 2010) . In our study, we found that upon genetic inhibition of mRNA export, a large proportion of unspliced precursors are now retained within the nucleus and degraded by the action of the nuclear exosome. This observation might reflect the higher nuclear retention of unspliced transcripts in the nucleus, but could also be due to the activation of nuclear surveillance that was previously shown to occur upon inhibition of mRNA export in a variety of mutant backgrounds (Libri et al. 2002; Rougemaille et al. 2007; Assenholt et al. 2008) . Such shifts in the turnover pathways of unspliced transcripts reveal the dynamic nature of RNA turnover that is modulated and/or controlled by the activity of the conserved RNA export factor, Mex67p. It would be of interest to determine whether, in addition to unspliced transcripts, Mex67p also plays a role in the export of other short-lived RNAs.
To investigate the involvement of putative factors that function in a manner antagonistic to RNA export, we found a physiologically relevant target for the peripheral nuclear retention factors, Mlp1p and Mlp2p. We show that these factors are active in retaining a nuclear-degraded unspliced transcript (RPL18B), but that they do not seem to act on unspliced transcripts that are degraded by the combinatorial action of the nuclear exosome and NMD (RPL16A and RPL22A) or solely through NMD (RPL22B). These results show that unspliced transcripts that are degraded either through NMD alone or by the nuclear exosome and NMD are not actively retained by the Mlp factors Mlp1p and/or Mlp2p. It is likely that RPL18B is not the only transcript that is directly retained by the Mlp factors. However, microarray studies of gene expression in the mlp2 mutant did not reveal any major change in unspliced RNA accumulation (Vinciguerra et al. 2005 ). Additional genomewide studies should reveal the global extent of Mlp1p and/or Mlp2p retention functions for unspliced RNAs and other endogenous transcripts.
Taken together, these results show that the degradation of unspliced transcripts is largely generic and likely rule out the possibility of particular sequences in making a transcript directly susceptible to the enzymatic activity of a specific nuclear or cytoplasmic degradation system. Instead, sensitivity of different transcripts to different degradation systems might be the result of the equilibrium between the rates of export or nuclear retention, making subcellular localization the major determinant in deciding on the degradation route for these species. While export or retention efficiency might depend on specific signals within the unspliced transcripts, it is unlikely that these sequences make the transcripts intrinsically prone to the action of the exosome or NMD. This sequential mechanism of RNA quality control has farreaching implications beyond the surveillance and degradation of unspliced transcripts in yeast. A number of noncoding RNAs are known to be under an active RNA surveillance circuit that involves the degradation of unspliced species.
